This paper describes a method for processing functional magnetic resonance images that suppresses signal changes originating from macroscopic veins visible in acquired magnetic resonance angiograms. Finger tapping experiments were performed on a 1.5-T scanner and the response was evaluated with voxel-byvoxel cross-correlation of the time course with a sinusoid at the paradigm frequency. After applying a vascular mask to suppress signal changes under macroscopic vessels, the vascular and nonvascular subpopulations of the data were compared. By visual inspection, the method was found to remove extracortical activation while preserving activation in the parenchyma. The observed higher signal amplitudes and temporal phase lags of the vascular population agree with theoretical models and previous studies. A significant portion of negatively correlated voxels occurs adjacent to through-plane vessels. Finally, comparing the centers of mass of the activated area before and after vascular suppression showed significant shifts in some subjects.
INTRODUCTION
Most current functional MRI (fMRI) studies use blood oxygenation level-dependent (BOLD) contrast. Several recent fMRI studies investigating the source of the MR signal change accompanying cortical activation have examined the contribution of macroscopic vessels to the BOLD signal, suggesting possible roles for blood flow, inflow effects (Duyn et al., 1994) , pulsatility (''vascular noise'' ), or pooling of oxygenated blood on the venous side of the cerebral vascular system (Lai et al., 1993; Segebarth et al., 1994; Lee et al., 1995) . Several studies (Lai et al., 1993; Haacke et al., 1994; Segebarth et al., 1994) compared fMRI activation images with MR angiograms (MRAs) for the same slice and found a marked similarity between the significantly activated areas of the functional image and the underlying macroscopic vasculature.
Macroscopic vessels drain relatively large areas of cerebral cortex. Even the smallest pial extracortical veins (diameters of 100 to 400 µm) drain a large cortical volume by means of multiple intracortical branches. A principal intracortical vein serves a conically shaped region with an apex at the gray matter surface and a base of 1 to 4 mm in diameter at the gray/white matter junction (Duvernoy et al., 1981) . Concerns have been raised that the predominance of extracerebral vascular signals in fMRI data at 1.5 T may result in inaccurate localization of neural cortical activity because macrovascular signal may be located at a distance from the activated brain cortex (Segebarth et al., 1994) . Draining veins adjacent to a region of activated cortex may change its apparent size and center of mass. Furthermore, signals arising from vascular pulsatility may be spatially unrelated to neural activation. Finally, the dependence of activation patterns on venous vascular anatomy, which differs greatly from one person to the next, may cause difficulties in cross-subject comparisons (Segebarth et al., 1994) .
Biophysical models Boxerman et al., 1995) show that at lower magnetic field strengths (i.e., Յ1.5 T), the contribution of macroscopic vessels (Ͼ100 µm) to fMRI signal may be more significant and harder to separate from that of microscopic intracortical vessels than at higher field strengths (Boxerman et al., 1995) . Thus, fMRI studies conducted on clinical MR scanners at lower field strengths have to address the issue of uncertain signal origin.
Certain pulse sequences can be used to suppress macrovascular signals during MR data acquisition, such as spin echo rather than gradient echo or to minimize inflow with long TR, small flip angles Frahm et al., 1994) , volume acquisitions (Haacke et al., 1994) , or spatial presaturation (Duyn et al., 1994) . Glover et al. (1996) designed a dual-echo spiral gradient-recalled echo pulse sequence to separate BOLD effects from inflow effects.
Alternatively, the macrovascular voxel population can be removed by postprocessing. Several intrinsic signal properties can be used to decide whether or not a signal from a particular voxel is of macrovascular origin: (1) The signal deviation from baseline should be proportional to fractional blood volume in the voxel and therefore the size of the vessel ; (2) when extrapolating from 4 to 1.5 T with echo times relatively short compared to T* 2 , activated gray matter should yield 1-2% signal change while 5% or greater changes likely correspond to regions of large venous blood vessel or arise as a result of inflow ; (3) when determining the temporal phase delays that give the maximal cross-correlation between the signal time course and a sinusoidal model curve , signals that correspond anatomically to macroscopic blood vessels should be the most delayed, have a high correlation magnitude, and have a high peak-to-peak signal deviation from baseline (Lee et al., 1995) . Other parameters found to correlate with the presence of a large vein are positive slope of a ''trend'' line through the time course and a high value of the ratio of NMR phase over NMR magnitude (Lee et al., 1995) . Selected signal properties can be used to separate macroscopic vessels from parenchyma by multidimensional clustering techniques (Gaser et al., 1996; Singh et al., 1996) .
In this study, we used magnetic resonance angiograms in an alternative approach that is independent of voxel size, task design, or timing pattern and does not lead to a loss of fMRI sensitivity. To develop and test the method, we used a motor task to activate a distributed brain system that is well described (see Donoghue and Sanes, 1994 , for review of cortical motor areas) and for which the corresponding fMRI activation is known (Rao et al., 1993) . We acquired MRAs in the same planes as the functional images and used them to suppress vascular signals. In addition to visual evaluation of the results, peak-to-peak signal deviation from baseline and temporal phase delays were studied separately for the vascular and nonvascular voxels. Center of mass analysis was performed to investigate the influence of vascular suppression on the location of activation within a region of interest.
METHODS

Subjects and Task
Five normal subjects (four right-handed, one lefthanded) performed sequential opposition of fingers to thumb at 2 Hz alternating with a rest control, each phase lasting 24 s. Four complete cycles (repetitions of each condition pair) were performed. Each subject performed three repetitions of the task and the data were averaged within subject to increase statistical power.
Imaging and Data Analysis
Subjects were imaged using a 1.5-T clinical scanner (General Electric Medical Systems Signa). Bilateral 5-in. surface coils were positioned above the ears and nine axial slices were prescribed from the vertex down. Anatomical images were T1-weighted (spin echo, TR ϭ 500 ms, TE ϭ 16 ms). MRAs were acquired as 2D phase contrast angiography (gradient echo, flip angle ϭ 25°, TE ϭ 6 ms, TR ϭ 25 ms, 192 ϫ 256 matrix, velocity encoding 10 cm/s in all directions). Slice locations of the MRAs exactly matched the anatomical and functional scans. The pulse sequence and velocity encoding were chosen to be specific to veins and venules and to maximize the visualization of slow flow. To justify the velocity encoding, we observed the transit of contrast agent through cortical draining veins during catheter angiography, which corresponded to flow velocity about 2-4 cm/s.
Functional images (T2*-weighted) were acquired using spiral gradient echo imaging (200 mm field of view, four spirals, nine slices 4 mm thick, 3.1 mm in-plane resolution, TR ϭ 750 ms, flip angle ϭ 40°, TE ϭ 35 ms, nine slices acquired every 3 s, 64 repeats, total image acquisition time 189 s). The specific spiral design has been described in detail elsewhere . Correction for magnetic field nonuniformity (Noll et al., 1991) was used to insure accurate overlay of angiograms to fMRI maps. Reconstructed images were movement corrected using Automated Image Registration software (AIR, Woods et al., 1993) and a 2D rigid model. Data were analyzed using cross-correlation with a sinusoidal model curve . Correlation with sine and cosine reference waveforms (Lee et al., 1995) was used to find the maximum correlation coefficient and the corresponding temporal phase lag. Fourier analysis of signal time course was performed for each voxel and the spectral magnitude at the paradigm frequency was used to estimate the signal change (Lee et al., 1995) , while the zero frequency spectral component was used to estimate the baseline. The peak-to-peak percent signal deviation from baseline was then calculated as twice the ratio of spectral magnitude at the paradigm frequency to the zero frequency component. We used correlation threshold of r ϭ 0.5 and a three-dimensional contiguity threshold (Forman et al., 1995) to generate the raw statistical images.
Angiogram Processing and Masking
The set of contiguous MRAs was smoothed with a 3D gaussian filter of 4 mm full width at half-maximum in all three dimensions to account for the lower resolution of the functional image, vascular signal field effects extending beyond vessel borders, and possible displacement of oblique vessels due to differences in echo time. The resulting blurred MR angiographic images were thresholded using an intensity threshold and a 3D contiguity threshold (Forman et al., 1995) . The intensity threshold was set to the image mean plus two standard deviations. The acquired vascular mask (up to 6 mm wide for major cortical veins) was then used to suppress the overlying voxels in the statistical image. The remaining (presumably nonvascular) voxel population was thresholded using the same correlation coefficient and 3D contiguity as the raw images to get the processed statistical image.
Evaluation
Three methods were used to evaluate the success of vascular artifact suppression: First, the original and processed functional images were viewed and compared by two independent observers. True activation included (1) activation limited to cortical gray matter and (2) location of each activated region in agreement with available evidence from physiological and previous functional imaging studies of hand movement (Rao et al., 1993) . Second, the populations of vascular and nonvascular voxels in the statistical image were compared with respect to their peak-to-peak signal deviations as a percentage of baseline. Third, the vascular and nonvascular voxels were compared regarding the temporal phase delays associated with maximal size of the correlation coefficient. Basic statistical parameters and histograms of signal deviations and temporal phase lags were calculated for voxels with r Ͼ 0.35 in each slice. This relatively low threshold was used to show the considerable population of voxels with negative phase (180°to 360°) that diminished at higher correlation thresholds.
A center of mass analysis before and after vascular artifact suppression was performed on a large rectangular region of interest comprising the lateral and middle (in the anterior-posterior direction) ninth of the imaged cortex and containing the primary sensorimotor cortices contralateral to the moving hand.
RESULTS
Subjective Evaluation
The ''raw'' statistical images contained activation in the primary motor (M1) and sensory cortices (pre-and postcentral gyri, Brodmann areas 4 and 1-3), lateral premotor cortex (area 6 on the convexity), and supplementary motor area (SMA, mesial area 6). In addition, there were occasional activation foci in the subdural space and sulci. The ''processed'' statistical images show a substantial reduction of the extracortical activated areas, while activation in the gray matter was preserved. Figure 1 shows one axial slice at the level of the contralateral (right) M1 hand area activated with left finger movement. Further activated foci were ipsilateral (left) M1 and SMA. Overlap of activation and blurred vessels can be seen at the outer edge of the right M1 and the anterior edge of SMA.
All subjects showed similar activation in the middle genu of the precentral gyrus, corresponding to the primary motor hand area (Yousry et al., 1997) . The additional activation patterns as well as the venous vascular patterns showed greater variability. The image and histogram data shown below were derived from a single subject (subject 1) for the sake of consistency.
Vascular versus Nonvascular Voxel Signal Analysis
Mean and median values of temporal phase delays and signal deviations from baseline for the suppressed (vascular) and remaining (nonvascular) voxels for all five subjects are shown in Table 1 . Vascular voxels have consistently higher mean and median signal deviations from baseline in all slices. Superiorly toward the vertex, the mean and median signal amplitudes increase primarily for the vascular voxels. Mean temporal delays were calculated for the interval between 0 and 16 s (0 to 120°) that contains most of the activation. Average delays across five subjects were about the same for the vascular and nonvascular voxels in the lower slices; in the top slices 1 and 2, vascular voxels are delayed on average by 0.4 and 0.3 s, respectively, after nonvascular voxels.
The results of a more detailed analysis are shown for one slice in subject 1 (slice 6, the same as in Fig. 1 ). The histograms of signal deviation from baseline show overlapping but distinct peaks for the vascular and nonvascular voxels (Fig. 2) . The histogram of temporal phase lags has two peaks for the nonvascular voxels, early and late, about 180°(24 s) apart, and one early peak for the vascular voxels (Fig. 3) . Plots of peak-topeak signal deviation from baseline versus temporal phase show a single early peak for the vascular voxels at about 6 s (Fig. 4) , coincidental with the early peak of the temporal phase histograms in Fig. 3 . The nonvascular population shows also a strong early peak and more voxels at later phases (Fig. 5) . Comparison of Figs. 3 and 5 shows that the late peak in the phase histogram consists mostly of voxels with low signal amplitude (around 1%).
A center of mass analysis showed that the effect of vascular suppression on the centroid of activation is small, producing individually variable shifts on the order of single millimeters ( Table 2 ). The most consistent change is a center of mass shift toward the midline and away from the surface of the brain.
Analysis of significantly activated foci with negative phase indicated their location to be within 2-5 mm of through-plane macroscopic veins adjacent to motor cortical areas and mostly on the activated (contralateral) side of the brain (Fig. 6) . In some cases, there were no MRA-visible vessels nearby but the negative phase region was found to adjacent to a significantly activated area with a positive phase. The temporal delay of the negative foci was typically in the range of 190°to 260°( 25 to 35 s in the 48-s cycle). 
DISCUSSION
This study was motivated by the fact that no current strategy to eliminate macrovascular contribution to the fMRI signal provides a complete and practical solution. The functional imaging pulse sequence employed in this study contained a combination of long TR (750 ms) with a modest flip angle (40°) to reduce sensitivity to inflow, yet a significant fraction of the activation appeared vascular in origin. This finding seems to justify the use of postprocessing in addition to strategies reducing inflow.
The present method yielded satisfactory results with visual evaluation. Satisfying our criteria, the nonvascular voxels were mainly located in gray matter in the cortical areas involved in hand movement generation and control, as expected for the finger tapping task (Rao et al., 1993) . Even though the vascular mask occasionally overlapped the edge of gray matter, the intracortical activation was mostly unaffected by masking.
Higher mean and median signal deviation of the rejected voxels support the expectation of their macrovascular origin. Higher signal deviations in slices closer to the vertex are consistent with pooling of oxygenated blood in draining veins (Lai et al., 1993; Segebarth et al., 1994; Lee et al., 1995) . Furthermore, a voxel located across these large vessels is likely to contain a high fraction of blood and lower partial volume effect. In each subject, voxels with very large signal deviation (up to 32%) belonged to the vascular population.
The temporal character of the response in the vascular voxel population is quite simple with a single strong 
FIG. 3.
Histograms of temporal phase delays for the vascular voxels and nonvascular voxels with correlation Ͼ0.35 (same slice as Fig. 1) .
FIG. 4.
Distribution of peak-to-peak signal deviation (percentage of baseline) along the temporal phase for vascular voxels with correlation Ͼ0.35 (same slice as Fig. 1 ).
FIG. 5.
Distribution of peak-to-peak signal deviation (percentage of baseline) along the temporal phase for nonvascular voxels with correlation Ͼ0.35 (same slice as Fig. 1) .
early peak at about 6 s composed of a relatively high number of voxels (as shown in the histogram in Fig. 3 ) with high signal amplitude (see Fig. 4 ). The nonvascular voxel population shows a more complicated behavior. The temporal phase is clearly bimodal, in agreement with the observation of Saad et al. (1996) . The second peak of the temporal phase delay histogram (Fig. 3) contains most of the negatively correlated voxels. These voxels are not located directly over vessels and are not identified as vascular by our method. However, most of them seem to be located adjacent to an MRA visible through-plane vessel (Fig. 6 ). Negative correlation with a sinewave can be either a product of a ''negative'' signal (decrease during the active task relative to rest) or a ''positive'' signal (signal higher during the active task) delayed by half-cycle. The latter alternative seems to be ruled out by the fact that voxels 180°o ut of phase are consistently observed with paradigms of different cycle duration (Lee et al., 1995; Saad et al., 1995 Saad et al., , 1996 .
The phase delays of the negative foci suggest that their signal changes could be related to signals from vessels or parenchyma whose responses peak a halfcycle (180°) earlier.
Negatively correlated voxels were observed previously in fMRI (Kim et al., 1992; Listerud et al., 1994; Lalonde et al., 1995 Lalonde et al., , 1996 Lee et al., 1995; van Gelderen et al., 1995; Popp et al., 1996; Yamamoto et al., 1996) . In our study, the close spatial relation of negatively correlated voxels to vessels agrees with the findings of Popp et al. (1996) . The negative foci could arise from venous blood susceptibility-based frequency shifts . In spiral scanning, such a frequency shift would not cause a direct spatial shift in the phase encoding direction as expected in echo-planar imaging but rather a degradation of the point spread function. Frequency shifts in veins reported by Lai et al. (1995 Lai et al. ( , 1996 could be enough to induce negative side lobes in the point spread function for spiral imaging (Noll et al., 1991) . The signal changes in a voxel adjacent to a draining vein could then have an opposite direction. Some physiological causes for negatively correlated signals related to vessels include flow effects, signals from vessels draining an activated area where the increase in neuronal activity and metabolism has not been compensated by excess oxygen delivery, or a rather improbable steal phenomenon that has been reported only under pathological brain conditions (Tarr et al., 1990) . Negatively correlated response might also be independent of vessels, originating from areas where neuronal activation actually decreases during the task relative to rest. This would correspond to a finding that negative correlations in fMRI are colocalized with regional cerebral blood flow decreases in PET (Lalonde et al., 1995) . The amplitude of the oscillatory response is quite small in the counterphase voxels (see Fig. 5 ), so at least some of them may represent noise. Further work with higher resolution functional images and angiograms may be necessary to explain the origin of the negative-phase voxels.
While the center of mass shifts after vascular suppression were smaller than the in-plane resolution, there was a consistent medial shift, away from the veins on the lateral brain surface. Considering that the large draining veins are located in the most superior slices, we would also expect a more significant shift inferiorly with vascular suppression. On the other hand, most of the BOLD effect may have diluted before reaching the top slices. The observed variability of center of mass changes could be attributed to the individual patterns of draining veins. In subject 1, a conspicuous vein draining the central sulcus continues anteriorly and upwards and this course could explain the extension of the unprocessed primary sensorimotor cortical activation in the same direction. Most of our subjects did not show any consistent and significant shifts after vascular suppression, which could correspond to the observation of insignificant differences between PET and fMRI motor activation by Ramsey et al. (1996) . Because of the described variability, this issue deserves consideration by fMRI studies aiming at assessing exact location and/or extent of the activated regions.
There are several limitations of the presented method: (a) angiogram processing by blurring and thresholding can remove small weak vessels and their effects may not be accounted for; (b) choosing a particular value of velocity encoding for the MRA acquisition results in suboptimal encoding of much slower or faster flow; and (c) widening the vessels to match the in-plane resolution may not be enough to cover displaced signals from vessels flowing obliquely through the slice plane. Table 1 and the signal amplitude histogram (Fig. 2) show that the nonvascular population contains some voxels with very large changes (up to 13% for four of Note. Positive sign means shift medially, posteriorly, and inferiorly; distance represents a square root of the sums of squares of the shifts along the three axes.
five subjects, up to 32% for subject 2). These are usually located outside of the brain not far away from vessels with even higher signals, but the finding may support the idea that perfect elimination of vascular signals was still not achieved.
In summary, although the described method is limited by the spatial resolution of the MRAs, it is applicable to any fMRI study complemented with MRA acquisition. The method reduces the number and extent of ''false'' activated regions without reducing fMRI sensitivity. In this way, it can contribute to more precise localization of activation and may therefore be useful as an additional image processing step in fMR image analysis.
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